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ABSTRACT 
Porous materials especially nanoporous carbon, appear especially attractive due to their high 
specific surface area, well-defined pore structure, high thermal and chemical stability, intrinsic 
high electrical conductivity, low density and wide availability. In the search for renewable, 
environmental friendly, cheap, abundant precursors for nanoporous carbon, biomass has been the 
most promising material, and the nanoporous carbon derived from it has been implemented in 
energy storage devices and environmental applications, as well as in biomedical sites. Among the 
various types of biomass, jute fiber, being the world’s second most produced natural fiber, with a 
2.8 million metric tons produced each year, had witnessed a great decline in use over the past 
decade, impacting the livelihoods of over 12 million farmers. Transforming this cheap precursor 
into high-value -added material with a range of applications has been the main goal.  
This thesis firstly highlights the various synthesis route available for transforming cheap biomass 
into high value added nanoporous carbon, focusing on the merits and demerits of each process. 
Later, it encompasses the various applications using biomass-derived nanoporous carbon and a 
detailed comparison of the types of biomass utilized and their relative performance in each 
category. From this understanding, it was possible to devise a synthesis process, which involved 
an economically viable and simple physical activation procedure for jute fiber at different 
temperatures. The optimum temperature of 800 ◦C yielded a moderately high surface area of 981 
m2/g with retention of the original fibrous morphology. This jute-derived nanoporous carbon 
prepared at 800°C displayed an impressive Methylene blue adsorption capacity of 146 mg/g, 
comparable to expensive activated carbon yielding 176 mg/g.  
This thesis next explores a novel synthetic process which involves pre-carbonization at 300°C, 
followed by impregnation with KOH and subsequent high temperature chemical activation of three 
6 | P a g e  
 
different parts of the jute fiber. It yielded jute–derived activated carbon with an ultra-high surface 
area in the range of 2682 m2/g. The research then highlights the successful utilization of this 
nanoporous carbon in supercapacitors, which showed an impressive specific capacitance of 1127 
F/g at current density of 1 A/g, and for water treatment application, showed a maximum absorption 
capacity of 239 mg/g of Methylene blue, as a model containment.  
Therefore, this thesis establishes jute as an exciting natural starting material for nanoporous 
carbon, which is cheap, abundant, and environmentally friendly, for a variety of applications from 
energy storage to environmental applications, and the scope for a wide range of biomedical uses 
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CHAPTER 1 INTRODUCTION   
1.1 General Background 
 Nanoporous materials are of great scientific and technological importance because of their 
ability to interact with atoms, ions, and molecules within their large interior surfaces and 
spatially confined nanospaces. Their unique properties offer new opportunities in the areas of 
inclusion chemistry, guest-host interactions, and molecular manipulations, showcasing their 
potential impact in a wide range of research fields, such as adsorption, separation, catalysis, 
electronic devices, and drug delivery. Among the many porous materials, nanoporous carbons 
(NPCs), with interpenetrating and regular nanopore systems, have recently triggered enormous 
research activity because of their fascinating chemical and physical properties, such as high 
specific surface area, tunable pore structure, high thermal and chemical stability, intrinsic high 
electrical conductivity, low density, and wide availability. Therefore, they have been 
implemented in hydrogen storage, pollutant adsorption, energy storage, energy conversion, and 
electrochemical devices. Recently, many research efforts have been devoted to carbon synthesis 
through the improvement of existing fabrication methods, as well as the development of new 
synthetic approaches that are low-cost, environmentally friendly, and can be scaled up for mass 
production when required. Recently, biomass-derived porous carbons have captured the attention 
of researchers for a wide range of applications. Biomass-derived porous carbon is not only 
environmentally friendly but also cost effective, and its ease of availability makes biomass a 
more promising precursor than its competitors.   
My Master’s work encompasses a synthesis method to turn the cheap and readily available 
biomass precursor jute into highly useful nanoporous carbon with high surface area. Focusing on 
a synthesis route that is simple, cost-effective, and easily scalable for commercial production is 
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my prime target. Optimization of the conditions required for the synthesis is another aspect of 
my study, which is aimed at reducing the overall cost and energy for conversion, as well as 
making it environmentally viable, while at the same time obtaining nanoporous carbon with an 
extremely high surface area by finely tuning the synthesis conditions. Structural and 
morphological analysis of the synthesized jute–derived nanoporous carbon was carried out by 
using X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), 
ultraviolet (UV)-spectroscopy, etc. The final goal was to incorporate the jute-derived nanoporous 
carbon in practical applications such as water purification, removal of toxic substances from 
aqueous phase, energy applications such as in supercapacitors, and observe the structural factors 
that dictate its overall performance in the specified field of applications.  
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1.2 Chapter Overview 
 
Chapter 2 presents a literature review related to biomass-derived nanoporous carbon. This chapter 
includes an overview of the general concept of biomass and nanoporous material, and the different 
types of biomass available for utilization. It then highlights the different synthesis routes available 
for the conversion of biomass waste material into carbon, followed by the various applications 
using biomass-derived nanoporous carbon, as well as recent research and development in the 
particular areas.  
 
Chapter 3 presents the synthesis and characterization of nanoporous carbon (NC) derived from the 
waste fiber of a plant known as jute. It is one of the cheapest and most abundant fibers in South 
Asia. The carbon nanoparticles were prepared using an economically viable and environmentally 
friendly strategy. Nitrogen adsorption-desorption isotherms, X-ray diffraction (XRD), Raman 
spectroscopy, Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy 
(SEM), energy dispersive X-ray spectroscopy EDX, and transmission electron microscopy (TEM) 
were used to characterize the morphology and porous structure. This study shows that there is a 
promising future for jute as a natural precursor for NCs for a variety of applications such as water 
purification and drug delivery.    
Chapter 4 reports on the development of ultra-high surface area jute derived nanoporous carbon, 
one of the highest ever recorded from a natural biomass precursor which is both cheap and 
abundant. The nanoparticles were obtained via a two-step carbonization technique followed by a 
chemical activation technique yielding exceptionally high surface area. The morphologies of jute 
derived nanoporous carbon was investigated using nitrogen adsorption-desorption isotherms, the 
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Brunauer-Emmett-Teller (BET) method, FTIR, XRD, Raman spectroscopy, SEM, and TEM. The 
particles with ultra-high surface area were later utilized in energy applications such as electrode 
for supercapacitors and also in water purification.  
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CHAPTER 2 LITERATURE REVIEW 
2.1 General Introduction 
Nanoporous materials are highly beneficial to 21st century technology due to their wide range of 
useful applications, such as energy storage in the lithium ion battery, lithium sulfur battery, 
sodium ion battery, and supercapacitor, energy conversion in fuel cells, hydrogen storage, solar 
cells, catalysis, and in environmental applications such as sorption applications, water 
desalination, separation, gas purification, biomedical applications such as drug delivery, sensors, 
carbon quantum dots, magnetic devices, etc. [1,2]. This wide range of applications is made 
possible by nanoporous materials due to their unique properties such as guest-host interaction, 
molecular manipulation, and areas of inclusion chemistry.  Nanoporous materials can generally 
be classified into macroporous (> 50 nm), mesoporous (2 nm ‒ 50 nm), and microporous (< 2 







Figure 2.1 Illustration displaying the different pore structures of a general carbon material. 
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Among, the many porous materials, nanoporous carbons (NPCs) have captured research interest 
due to their interesting chemical and physical properties, such as high surface area, high thermal 
and chemical stability, changeable pore structure, great electrical conductivity, and wide 
availability [4]. As a result, optimization of the current synthesis method and the introduction of 
novel synthesis techniques for nanoporous carbon have been of paramount importance. 
Conventional porous carbon materials, such as activated carbon, have routinely been prepared by 
pyrolysis or hydrothermal treatment followed by chemical or physical activation of the organic 
precursors, such as coal, wood, or polymers, at elevated temperatures [5]. Porous carbon materials 
having high surface areas have been produced in large quantities, and are used widely in 
adsorption, separation, and catalysis applications [6].  
Lately, biomass has been utilized as an environmentally friendly and cost-effective precursor for 
nanoporous carbon production [7]. Biomass refers to plant, plant-derived, animal-derived, 
industrially derived, and sewage or municipal waste derived materials which are can be utilized 
to synthesize carbon materials for a variety of applications. Figure 2.2 highlights the various 
sources of biomass materials. The most common forms of biomass are plant and plant-based 
biomass, which is synthesized by biological photosynthesis using water, carbon dioxide, and 
sunlight. These kinds of biomass are also known as lignocellulose and are made up of 
carbohydrate polymers (cellulose and hemicellulose) and aromatic polymers. Since the biomass 
precursors are carbon rich they can be synthesized to produce carbon materials with interesting 
characteristics. One important characteristic that is of high interest is the formation of high 
surface area and porosity in the carbon material [8]. The general methods for the production of 
porous carbon materials are direct pyrolysis or hydrothermal carbonization followed by 
activation of the carbon to significantly improve the surface area. 










Figure 2.2: Illustration showing the various sources of biomass available. 
2.2 General Synthesis from Biomass to Carbon 
2.2.1 Pyrolysis  
Pyrolysis, a standard carbonization technique, involves the thermal treatment of the 
carbonaceous raw material at temperature of 400-800°C in an inert atmosphere. The precursor 
decomposes into three distinct fractions: 1) chars, 2) tars, and 3) gases during pyrolysis. The 
factors that affect the results of pyrolysis are temperature, the rate of heating, the rate of nitrogen 
flow, and the dwell time [9].  During pyrolysis, an increase in temperature raises the production of 
tars and gases but decreases the production of chars. Since the main target is to obtain the highest 
yield of char from pyrolysis, most reaction occurs at an optimum temperature with a gradual 
heating rate. Non-carbon elements such as oxygen, hydrogen, and nitrogen are removed in large 
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constituents during pyrolytic breakdown of the precursor. All that remains after the treatment are 
residual carbon atoms converted into layers of aromatic sheets arranged in an irregular order. 
These randomly arranged aromatic sheets gives rise to pores, which are packed with the tarry 
substance produced during the decomposition of the precursor or filled by the decomposed 
products. 
2.2.2 Hydrothermal Carbonization 
A more environmentally friendly replacement for the pyrolysis technique for the treatment of 
carbonaceous material could be hydrothermal carbonization. It is considered to be the most 
promising and widely used method with a broad range of potential applications [10] In this 
process, raw materials can range from agricultural waste, forest byproducst, carbohydrates 
(glucose, fructose, xylose, maltose, sucrose, amylopectin, and starch), carbohydrate derivatives 
(hydroxymethylfurfural and furfural), and crude plant materials. The main components of 
biomass, however, are cellulose, hemicellulose, and lignin. It has been observed that the 
degradation of lignin and hemicellulose is much easier compared to the degradation of cellulosic 
material  
Hydrothermal carbonization has a few major advantages. One is the use of comparatively low 
temperature (160-250 °C). Secondly a wet starting material can be used, without the need for a 
drying step. This is because the hydrothermal carbonization is performed in the presence of 
water. Thirdly, the entire process evolves much less gases than pyrolysis, and most of the by-
product remains in the water phase, resulting in very high carbon efficiency. Overall, the 
hydrothermal process is capable of producing very high surface areas, such as those yielded from 
the pyrolysis process.  
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Depending on the temperature used, the hydrothermal varbon process can be divided into two 
types: 1) high temperature hydrothermal carbonization and 2) low temperature hydrothermal 
carbonization. [11] 
High temperature hydrothermal carbonization - The high temperature hydrothermal carbonization 
process yields very high surface area and porosity in carbonaceous materials. There has been 
notable success in the production of high surface area carbon from wood saw dust, waste streams, 
biomass, etc. For the synthesis of multi-walled Carbon nanotubes (MWCNTs) and single-walled 
carbon nanotubes (SWCNTs), the high temperature hydrothermal process has been utilized with 
great results. Overall, the high temperature hydrothermal carbonization (HTC) process utilizes 
high temperature and pressure to synthesize carbonaceous materials, including carbon nanotubes, 
graphite, and activated carbon materials. 
Low temperature hydrothermal carbonization - Low temperature HTC is an ideal process for the 
synthesis of monodispersed colloidal carbonaceous spheres by means of condensation, 
polymerization, dehydration, and aromatization reactions. Different soluble products are generated 
such as furfural-like compounds, organic acids, aldehydes, and phenols during the thermochemical 
process of dehydration and fragmentation of carbohydrates.    
The overall mechanism of hydrothermal carbonization from biomass has not yet been clearly 
defined. It occurs by two different routes, however. In Route One: 1) There is a conversion of 
cellulose to glucose through a hydroxylation reaction. 2) Then, the dehydration reaction occurs, 
converting the thus-produced glucose to furfural. 3) Finally, the thus-produced furfural is 
polymerized or aromatized into a condensed carbon structure. Route Two: This occurs by 
decarboxylation and the condensation of cellulose into an aromatic structure, which subsequently 
follows a classical pyrolysis reaction. There is a remarkable change in the composition of C, H, 
20 | P a g e  
 
and O in the biomass after the hydrothermal carbonization process. A decrease in the atomic ratios 
of O/C and H/C can be observed after the carbonization of biomass has been completed. [12] 
2.2.3 Activation of Carbons 
The term “activated carbons” is applied to a group of carbon materials that possesses a highly 
established internal pore structure, an enormous surface area (as high as 3000 m2/g), variable 
surface chemistry and extremely high surface reactivity. Activated carbons are not fully 
amorphous, since they have microcrystalline structure. Interlayer spacing makes this 
microcrystalline framework different from that of graphite. Hence, it has been reported that the 
activated carbons have an interlayer spacing of 0.34-0.35 nm compared to 0.335 nm for graphite 
[13]. The orientation of the layers of aromatic sheets is dissimilar, and as a result, activated carbon 
exhibits a less ordered orientation than graphite. Interestingly, the elemental composition of 
activated carbons was found to be 88% carbon, 0.5% hydrogen, 0.5% nitrogen, 1% sulphur, and 
6-7% oxygen, while ash compounds work as the balancing component [14].  
There has been a huge effort to find ways to control the pore structure and its surface area. The 
most notable shapes of the pores are ink-bottle shapes, V-shapes, pores that resemble capillaries 
open at both ends, common slit shapes, and many other different shaped pores. These pores can be 
made tunable by changing the parameters of the precursor, such as the activation time, ratio of 
activating agent to precursor, activation temperature, flow rate of gas, etc.  
Activation of carbons can be performed in either of two different processes, namely: 
 1) Physically activated carbons and 2) Chemically activated carbons.  
Physically Activated Carbons - The physical activation technique could be applied to produce 
activated carbons through a two-step procedure. Step one consists of carbonization of the carbon 
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precursor at a very elevated temperature under an inert atmosphere (N2 in most cases). The next 
step is activating at high temperature in an oxidizing atmosphere, such as steam, air, and carbon 
dioxide, in the absence of any reactants mixed in with the precursor.  
Here, further development and release of the pore structure occurs within the carbonized char. Air, 
steam, and CO2 are incorporated as activating agents, which remarkably increase the surface area 
at an optimal temperature between 700-900 °C. Under oxidizing conditions, a few moieties of char 
are more likely to become oxidized, and as a result, etching occurs, and internal pores are formed. 
Simultaneously, the activation discards disorderly carbons, so that the stable carbon framework is 
open to the action of the activating agent to grow the microporous structure. Subsequently during 
activation, new larger pores are formed together with the enlargement of the existing pores. It has 
been observed that by extending the activation time, there is a disappearance of micropores and an 
influx of transitional porosity and macroporosity.  
A single step physical activation technique is also available, where carbonization and activation 
occurs simultaneously, and steam is incorporated as an activating agent. 
Chemically Activated Carbons - The chemical activation process requires impregnation of the 
precursor with a selected chemical in solid or liquid form before the thermal treatment. Here, the 
activation and carbonization processes occur simultaneously, and the most common activating 
agents used are H3PO4, ZnCl2, KOH, NaOH, or K2CO3. These activating agents help in the 
formation of pores by partial oxidation and by decreasing the generation of tar. Chemical activation 
uses a lower activating temperature range from 400°C to 800°C compared to physical activation. 
The time required for chemical activation to complete is usually from 30 minutes to 4 hours, 
depending on the precursor, and these activating agents must be removed later via washing with 
water. The most crucial factor that dictates the formation of porosity within the carbonaceous 
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structure has to be the ratio of chemical agent to precursor. The ratio varies, however, based on the 
type of activating agent used.  
Dehydration and degradation reactions are the primary pathways that enable the chemical agents 
to develop the porosity of activated carbons. During the activation, the carbon framework 
undergoes interaction with the added chemicals.  
The mechanism of the reaction for chemical activation of the carbonaceous precursor by H3PO4 
was hypothesized by Derbyshire and Jagtoyen. They proposed that, for hemicellulose and 
cellulose, the acid first attacks the structure by hydrolyzing the glycosidic linkages, and for lignin, 
by cleaving the aryl bonds. Subsequently, phosphate linkages are formed by H3PO4 such as 
phosphate and polyphosphate esters, which enable the attachment and crosslinking of biopolymer 
fragments. The formation of the pores in the carbonaceous structure is a result of the eradication 
of the esters through washing.  
The advantages of chemical activation compared to physical activation for the production of 
porous carbonaceous structure are evident. The carbon produced has higher surface area with more 
pronounced porosity. Chemical activation takes place in a single step where carbonization and 
activation occur simultaneously. The temperature used is also comparatively lower, producing a 
much better yield of carbon. The primary disadvantages, however, are the environmental and 
economic factors involved in utilizing the chemical substances and the use of water resources for 
washing the chemicals after activation has been completed.  
Besides the general thermal treatment for the chemical activation, microwave heating has 
established itself as a fantastic heating technique. Based on the fact the carbon materials are 
excellent absorbers of microwaves, they absorb heat radiation very efficiently. Microwave heating 
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2.3 Application using biomass-derived porous carbon 
Biomass-derived carbons have been increasingly popular for a variety of applications because pf 
their exceptionally low cost, easy availability, and facile synthesis techniques to convert them into 
very useful substances. The applications utilizing biomass derived carbon can be divided into four 
main groups: 1) Energy storage applications, 2) Energy conversion applications, 3) Environmental 
applications, and 4) Biomedical application. Figure 2.4 Illustrates the different areas of 











Figure 2.4: Schematic diagram depicting the various branches of applications using 
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2.3.1 Energy storage applications  
2.3.1.1 Supercapacitor 
 Supercapacitors are advanced energy storage systems that possess higher power density and 
greater cycling stability compared to batteries or conventional capacitors [15-16]. Their energy 
density is inferior, however, to those of lithium based batteries or lead acid batteries [17]. As a result 
there has been significant ongoing research to improve the energy density of the supercapacitors. 
Inside a supercapacitor the fundamental parts are the electrode materials, separator, and electrolyte.  
Figure 2.5: Schematic diagram of a supercapacitor, and charging and discharging phases.[18] 
Figure 2.5 Presents a schematic diagram of a functional supercapacitor and its charging and 
discharging phases. By increasing the energy density and power density of the supercapacitor we 
can make extremely efficient energy storage systems. This can be made possible by increasing the 
specific capacitance and operating voltage (V) window and minimizing the equivalent series 
resistance (R). The specific capacitance of a capacitor can be boosted by either discovering new 
electrode materials or fine-tuning the existing electrodes by optimizing the electrical conductivity, 
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by an improved selection of electrolyte [19]. The mechanism behind energy storage in the 
supercapacitor is primarily divided into two types of process: 1) electrical double-layer (EDL) 
capacitance and pseudocapacitance. Electrical double layer capacitance is based on electrostatic 
interaction, while pseudocapacitance is based on electrochemical reactions. As a result there is 
obvious advantage for the EDL capacitance system because there is no expansion of the active 
materials and the electrochemical kinetics is not dependent upon the polarization resistance. 
Interestingly, in the EDL system, the two electrodes store the energy with a current collector in 
each electrode. Energy is released when the previously collected charges are being discharged. 
The surface area of the electrode is directly proportional to the charge stored and the amount of 
charge stored is directly related to the energy stored. Hence, supercapacitor materials with high 
surface area are the most promising materials for an ideal supercapacitor. Carbon materials have 
been considered the ideal candidate for the production of high surface area electrodes due to 
several reasons: 1) high surface area; 2) the presence of micropores as well as mesopores; 3) can 
exist in different forms; 4) high electrical conductivity; 5) great thermal stability; 6) tunable pore 
distribution; 7) low cost; 8) excellent compatibility for doping; 9) high corrosion resistance, and 
many more. In a supercapacitor, the presence of micropores and mesopores are equally important: 
micropores are critical for storing charges, and mesopores are necessary for charge transfer.     
There are extensive reports on biomass derived high performance supercapacitors with remarkable 
data to justify its use as electrode. The carbon used for the electrode ranges from physically 
activated carbons, to chemically activated carbon, hydrothermally carbonized carbon, and simply 
pyrolysed carbon. Using the simple pyrolysis technique in the absence of any activation process, 
Biswal and co-workers [20] reported the high specific capacitance of 400 Fg-1 at a current density 
of 0.5 Ag-1 in aqueous 1 M H2SO4 using plant leaf derived carbon. In another study, Liu and his 
27 | P a g e  
 
team [21] used corncobs, ammonia gas, and sodium hydroxide gas to synthesize nitrogen-doped 
activated carbon in a one-step process. The carbon showed a high surface area of 2900 m2g-1 with 
specific capacitance of 185 F g-1 at a current density of 0.4 A using an organic electrolyte. Peng et 
al. [22] reported activated carbons prepared from waste tea leaves using high temperature 
carbonization and KOH as the activating agent. Using these porous carbons in electrodes yielded 
a remarkable 330 Fg-1 specific capacitance at a current density of 1 A /g, with 92% initial 
capacitance remaining after 2000 cycles. Table 2.1 summarizes some of the biomass derived 
porous carbon electrodes both plant and animal based, and their specific capacitances and specific 
surface areas (SSAs). A recent technique to enhance the specific capacitance of supercapacitors is 
via the doping strategy of using heteroatoms such as N, O, P, and S in the biomass derived porous 
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Rice Bran KOH 850 2475 265 10 [24] 
Silk ZnCl2 900 2494 242 0.1 [25] 
Cornstalk 
Core 
KOH 700 2495 323 0.1 [26] 
Sugarcane 
Bagasse 
ZnCl2 900 1788 300 0.25 [27] 
Wood NA 850 3223 280 0.5 [28] 
Coconut 
Shells 
NA 900 1874 268 1 [29] 
Animal-
Based 
Cow Dung KOH 800 2000 124 0.1 [30] 
Human 
Hair 
KOH 800 1306 340 1 [31] 
Chicken 
Feathers 




Air 300 221 297* 2 [33] 
Table 2.1 Summary of biomass derived porous carbon electrodes, both plant and animal 
based. 
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Biomass has definitely justified its use as a promising material in electro-capacitive energy storage 
applications due to its low cost and excellent properties, which can rival those of any commercially 
derived activated carbon. Now the challenge lies in scaling up the manufacturing process from 
laboratory based to industrially based by optimizing the overall process. The rise in the demand 
for flexible supercapacitors can also be addressed by utilizing biomass, which can be a potential 
area of future research on ultra-portable electronics. 
2.3.1.2 Lithium Sulfur Battery  
The lithium-sulfur battery can be considered the successor of the conventional battery and a 
promising means of energy storage for the future. This is primarily due to its high theoretical 
energy density of 2,500 W h kg-1 and high hypothetical capacity of 1,672 mA h g-1. The lithium-
sulfur battery is subject to some drawbacks, however, such as the poor electrical conductivity of 
sulfur, large volumetric expansion, poor columbic efficiency, and most importantly, the dissolution 
of polysulfide intermediates in organic electrolytes [34]. Interestingly many of these problems can 
be solved by the inclusion of sulfur with carbonaceous material, which significantly enhances the 
conductivity of sulfur and solves the issue of volume expansion. Porous carbons have gained the 
recognition of researchers in this field owing to their high surface area, excellent electrical 
conductivity, interconnected porous framework, significant pore volume, and remarkable 
adsorption capability. Therefore, biomass-derived carbon has been utilized in Li-S batteries 













 Conventional lithium-sulfur batteries consist of a lithium metal anode and a sulfur cathode, and 
in the middle, there is a separator filled with electrolyte. All of the charge and discharge operations 
are based on reversible redox reactions. Nevertheless, the drawbacks discussed above are present 
in a conventional lithium sulfur battery when sulfur based cathode is used, as shown in Figure 2.6 
The solution to the problem lies in the creation of a sulfur-carbon composite cathode, where sulfur 
has been doped into the interconnected structure of porous carbon. This significantly improves the 
conductivity of the sulfur electrode, and the dissolution of the polysulfide intermediates can also 
be mitigated due to the excellent adsorption properties of activated carbon. The synthesis 
procedure to turn biomass into useful porous carbon requires less complicated procedures, less 
financial involvement, and is much greener compared to other non-renewable precursors. The 
procedure starts by either pyrolysis or by hydrothermal carbonization, and then, by utilizing 
physical or chemical activation technique the surface area and pore size distribution are further 
improved.  
 
Figure 2.6: Schematic diagram of a lithium-sulfur battery [35] 








(mA h g-1) 
Capacity  
Retention 












1600 1453 411 400 0.2 45.8 [36] 
Apricot 
shells 
Microporous  2269 1193 613 200 1 53.3 [37] 
Litchi 
shells 
Mesoporous 3164 790 403 800 0.5 60 [38] 
Bamboo 
charcoal 










587 930 670 50 0.06 80 [41] 
Fish Scales Hierarchical 
micro/mesopo
rous 




porous carbon  
3234 1443 804 80 0.50 48 [43] 
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2157 1265 643 50 0.24 63 [44] 
Table 2.2: Summary of biomass derived porous carbons for application in lithium-sulfur 
batteries. 
Gu and his team reported environmentally friendly bamboo biochars for the production of a 
microporous bamboo carbon-sulfur composite for use in the lithium-sulfur battery. Sulfur was 
added into the porous carbon after activation with KOH, and it showed the remarkable initial 
capacity of 1295 mA h g-1 with columbic efficiency of over 95% with 50 wt% sulfur in the sample 
[45]. In another study, biomass such as human hair was utilized to synthesize N-doped porous 
carbon by NaOH activation. It was then wrapped with reduced grapheme oxide to further enhance 
its electrochemical characteristics. Thus, it displayed an impressive 989 mA hg-1 after 300 cycles 
with coulombic efficiency of 99.8% [46]. Table 2.2 summarizes some of the biomass derived 
carbon –sulfur composites and their respective efficiencies. 
2.3.1.3 Lithium Ion Batteries 
The lithium ion battery is one of the most common and efficient forms of battery available on the 
market and has been used in every possible electronic system. At the moment, graphite is the most 
popular anode material incorporated into a lithium ion battery. This is primarily due to its lower 
cost of production, excellent electrical conductivity, and high cycling stability. There are some 
major disadvantages to using graphite as electrode, however, starting from its low capacity and 
inferior rate capability, resulting from its poor lithium ion diffusion coefficient. As a result, there 
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has been great research interest in discovering a new enhanced carbonaceous material with greater 









Figure 2.7: Schematic diagram showing a typical lithium ion battery with graphite electrode 
[53].  
Several reports suggest that carbonaceous material offers superior performance in lithium ion 
batteries. One study which utilized rice husk as the biomass precursor. It was hydrothermally 
carbonized, and when applied as anode in lithium ion batteries, presented a remarkable capacity 
of 1040 mA h g-1 at a rate of 0.2 C and a reversible specific capacity of 489 mA hg-1 after 100 
cycles [47].  
Another study where bacterial cellulose extracted from coconut juice was used to synthesize 
carbonaceous material by KOH activation showed an impressive 857.6 mAh∙g-1 after 100 cycles 
and maintained the high capacity of 325.38 mAh g-1[48].  
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Table 2.3 summarizes some of the different types of biomass used to produce anode materials for 
the lithium ion battery with respect to their electrical properties. The reason for this promising 
performance relies on the formation of hierarchical microporous and mesoporous structure, 
coupled with high surface area for a greater contact area in the electrolyte- electrode interface, 
which decreases the diffusion resistance of lithium ions, shortens the diffusion length for the 
lithium ions, and provides solid and uninterrupted pathways for electron transport. Together with 
the degree of graphitization, the availability of heteroatoms such as oxygen, nitrogen, and boron 
has a direct impact on the electrochemical performance of carbon materials. As a result, many 
studies, have incorporated doped carbon materials to be used as electrodes in lithium ion batteries. 
Table 2.3: Summary of biomass- derived carbons used as anode material in lithium ion 
batteries. 
Biomass derived carbonaceous materials as a potential green alternative electrode material have 






(mA h g-1) 
Rate (C) Cycles Reference 
Dead Bamboo 
Leaves 
329 1800 0.2 100 [49] 
Chicken Egg 
White 
392 118 5 100 [50] 
Corn Stalk 486 203 1 200 [51] 
Rice Husk 
 
- 485 - 84 [52] 
35 | P a g e  
 
low cost of biomass precursors added to the simple synthesis technique make them a viable 
alternative. In particular, fundamental improvement has been achieved in lithium ion capacity and 
stability by incorporating heteroatom doping and other materials into the porous carbon 
framework. At the same time, great improvement has been achieved in reducing the volumetric 
changes in the solid electrolyte interphase, in reducing the lithium diffusion path length, and 
achieving swifter electron transport within the anode material connected to the current collector. 
2.3.1.4 Sodium Ion Battery 
Sodium ion batteries have achieved significant recognition from the battery community and 
promise to be a viable alternative to the currently used lithium ion batteries. This is based on the 
ever-increasing cost of lithium and the cheap and easily available nature of sodium on the market. 
Researchers are on the hunt to find the most effective anodes for sodium ion batteries because the 
prospects for the existing graphite anode used for lithium ion batteries are not very encouraging 
due to the size difference in the sodium ion compared to the lithium ion. 
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Figure 2.8: Schematic diagram showing a typical sodium ion battery with graphite electrode 
[65] 
Recently, the utilization of biomass as a precursor for the synthesis of tunable porous carbonaceous 
materials for sodium ion battery electrode has proved to be not only cost effective but 
environmentally friendly. In one study, shaddock peel was pyrolysed to produce hard carbon for 
sodium ion batteries. The synthesized carbon displayed an excellent reversible sodium storage 
capacity of around 430 mA hg-1 with spectacular cycling stability, as shown by only a 2.5% 
reduction in capacity for 200 cycles [54]. Another study, where coconut oil was used as the precursor 
in a flame deposition technique to synthesize carbonaceous material, showed a discharge capacity 
of 277 mA h g-1 at a current density of 100 mA g-1 in the second cycle when it was used as the 
anode for sodium ion batteries [55] . Recently, Cao has his team demonstrated the use of rapeseed 
shuckderived lamellar hard carbon as anode, incorporating both hydrothermal and pyrolysis 
processes. The anode had a capacity of 143 mAh g-1 after 200 cycles at 100 mA g-1[56]. Wang et al. 
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employed rice husk as biomass precursor to synthesize porous carbon using a simple pyrolysis 
technique, and it demonstrated a high reversible capacity of 372 mA h g-1, 66% of the initial 
capacity [57]. Zhang et al. used pinecone biomass to synthesize excellent carbon anodes. Varying 
the pyrolysis temperature and conditions had an effect on the surface area and on the 
electrochemical performance. Using the optimum parameters, the team demonstrated that their 
anode could provide a capacity of 334 mA h g-1 after 120 cycles with a high capacity retention of 
85.4% [58]. 
Table 2.4: Summary of biomass-derived carbon as anode material in sodium ion batteries. 
Another study reports the synthesis of hierarchical carbon from peanut skin via carbonization and 






(mA h g-1) 
Rate (mA g-1)  Cycles  Reference 
Peanut Skin 2500 431 0.1 10 [59] 
Pinecone 40 334 - 120 [58] 
Rice Husk 0.27 372 - 100 [42] 
Rapeseed Shuck 11.93 143 100 200 [56] 
Coconut Oil 133 277 100 2 [55] 
Apple  196 245 0.1 80 [60] 
Sucrose  135 300 - 120 [61] 
Pomelo Peels 1272 181 200 220 [62] 
Peat Moss 196 298 50 10 [63] 
Banana Peel 19-217 355 50 10 [64] 
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capacity of 431 mAhg-1 at 0.1 Ag-1 and a reversible capacity of 47 mA h g-1 at 10 Ag-1, with an 
impressive capacity retention of 86% after 200 cycles [59].  
Overall, utilizing biomass derived precursors has not only decreased the cost of battery production 
but increased the efficiency in some cases. The best solution, however, is to fabricate a nanosized 
morphology and/or hierarchically porous structure to improve the electrochemical performance of 
carbon materials, as the porous carbonaceous structure can provide increased active sites for Na-
ion storage, reduce the diffusion distance for Na-ions, and enhance the rate capability. 
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2.3.2 Energy conversion applications 
2.3.2.1 Fuel Cells 
The fuel cell is an electrochemical device that transforms chemical energy into electrical energy 
by utilizing redox reactions of hydrogen fuel with oxygen or another oxidizing agent. Fuel cells 
are different from the lithium or sodium ion batteries discussed earlier, since they require a 
continuous flow of hydrogen and oxygen (from air) to continue the reaction, whereas in traditional 
battery cells, energy is obtained from chemicals already present in the battery (Figure 2.9). In fuel 
cell, hydrogen or alcohol oxidation occurs at the anode and the oxygen reduction reaction (ORR) 







Figure 2.9: General schematic illustration of a functional fuel cell using hydrogen and oxygen (air) 
[71]. 
There has been a great interest in effective research to find catalysts for the oxygen reduction 
reaction and alcohol electro-oxidation in fuel cells. Noble metals are among the most successful 
catalysts in this area, although their use is limited on a large commercial scale due to their high 
cost and low availability. This means that fuel cells are not a very economically viable alternative 
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for the generation of electricity. Employing carbon materials in conjunction with the expensive 
catalyst is a very important field of research, because it not only reduces the use of these super-
expensive metals, but also greatly improves the overall efficiency in fuel cells. At the same time, 
the cost of fuel cells can be significantly reduced, creating better chances for commercial use.  
Some strategies to utilize porous carbonaceous materials in fuel cells are directed towards 
optimizing the porous structure by controlling the surface area and incorporating hierarchical 
pores. Next, there could be inclusion of heteroatoms and the synthesis of more composites to 
synergistically improve the overall performance. As a result, it has been reported that using 
biomass derived precursor for these carbon materials can significantly reduce the cost and increase 
the electrical efficiency.  
For electrolytic oxidation of alcohols in fuel cells, the results obtained from using biomass derived 
carbonaceous materials as catalyst with the addition of platinum have been very promising. Wang 
et al. have used okra to synthesize a composite of carbonaceous nanoparticles and deposited 
platinum nanoparticles. The thus-produced platinum okra derived carbon catalyst was investigated 
for methanol electro-oxidation and displayed superior performance compared to traditional Pt/C, 
with a higher peak current of 12.2 mV cm-3 compared to 7 mV cm-3 and a superior negative onset 
potential of 0.42 V compared to 0.49 V [66]. In another study, biomass chitosan and carbon black 
were used as nitrogen doped carbon precursors to produce nitrogen doped carbon. Platinum was 
then deposited in the nitrogen doped carbon to form platinum nitrogen-doped carbon and tested 
for methanol electro-oxidation.  
The results showed 1.4 times enhancement in mass activity and a 1.5 times improvement in 
stability for the methanol electro-oxidation reaction [67].  
Another important pathway for the transformation of energy is through the oxygen reduction 
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reaction (ORR) in fuel cells. There has been substantial ongoing research to find an alternative to 
the expensive metal catalyst used for the ORR with similar electrochemical performance to Pt/C. 
Deploying biomass or its derivatives for nitrogen–doped carbon as starting material assisted in the 
addition of nitrogen with a tunable chemistry, with no need for post-synthesis doping compared to 
other traditional nitrogen doping methods. Table 2.5 highlights some of the biomass derived 








Table 2.5: Summary of biomass derived carbon to produce active catalyst for the ORR. 
High surface area and the presence of more active sites are necessary for good performance in the 
ORR. As a result, there is still a huge demand for a biomass derived carbonaceous catalyst with a 
facile synthesis technique, high surface area, controllable pore structure, ease of heteroatom 
doping, and good stability, as well as a desirable morphology. 
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2.3.3 Environmental applications 
2.3.3.1 Water Treatment 
Activated carbons have been extensively used as effective adsorbents, primarily owing to their 
high surface area, tunable surface chemistry, and spectacular surface reactivity. Activated carbons 
have been used for a variety of applications, particularly for the removal of pollutants from gaseous 
and liquid phases and the purification or recovery of chemicals. Water treatment has been one of 
the most important applications of activated carbon due to limited supplies of pure water, 
increasing population, climate change, and the increasing cost of toxin removal techniques. 
Therefore, there is a need for cheap, reusable, efficient, environmentally friendly, easily accessible, 
and transportable adsorbent materials that could filter out unwanted materials from aqueous phase. 
Biomass-derived carbonaceous material is the answer to this intriguing problem and it checks all 







Fig. 2.10: Highlighting the synthesis route to produce activated carbon from biomass for water 
treatment[84]. 
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Biomass derived porous carbon can be extremely cost effective compared to commercial activated 
carbon. The synthesis process is facile and requires pyrolysis followed by either the chemical or 
physical activation technique to increase the surface area even more. It is particularly necessary to 
have a high surface area because interaction between the carbon surface and the adsorbate takes 
place via electrostatic or non-electrostatic interaction.  
Several studies utilizing biomass materials have successfully highlighted their potential as 
excellent adsorbents. Sabela et al. used vegetable waste to synthesize activated carbon for the 
removal of Copper (II) from waste water, and it showed an adsorption capacity of 75.0 mg g-1 for 
a pseudo-second-order model [72]. Budinova and co-workers utilized bean pod waste to produce 
activated carbon for the removal of heavy metals such as Arsenic (III) and Manganese (II) from 
aqueous solution. Their study showed that both ions featured Langmuir type isotherms with a 
maximum loading capacity of 1.01 mg g-1 for arsenic and 23.4 mg g-1 for manganese [73]. Another 
study used rice straw derived activated carbon for the removal of carbofuran, a derivative of 
carbamate pesticide, which is an insecticide and nematicide widely used in fruits and vegetables, 
from aqueous solution. Rice straw derived activated carbon showed a high maximum adsorption 
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Biomass Source Adsorbate Adsorption capacity Reference 
Sugarcane Bagasse Chromium (III)  77.5 mg/l [75] 
Corn Straw Cadmium (II)   858 mg/g [76] 
Rice Straw Carbofuran 296mg/g [74] 
Cattail Biomass Malachite Green 210 mg/g [77] 
Tobacco Stalks Methylene blue 1265 mg/g [78] 
Silkworm Cocoon  Chromium (VI) 366 mg/g [79] 
Pine Cones  Copper (II) 13 mg/g  [80] 
Rice Straw Nickel (II) 21.23 mg/g [81] 
Waste Tea Residue Oxytetracycline   274 mg/g [82] 











Table 2.6: Summary of biomass-derived porous carbons used for the removal of various 
toxins from aqueous phase.  
Therefore, biomass-derived carbonaceous adsorbents are both efficient and an economical way to 
remove pollutants from aqueous phase, although the degree of efficiency depends on a number of 
factors, from the selection of biomass precursor, to the technique used for carbonization and the 
subsequent activation process. The scope of removal applications is very diverse, ranging from 
organic pollutants, industrial dyes, and pharmaceutical compounds to heavy metal ion removal.  
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2.3.3.2 Hydrogen Storage  
Hydrogen is a promising source of energy for the future due to the huge amount of available 
hydrogen in the world. Nevertheless, the storage of hydrogen is the primary challenge, although it 
can be either cooled to a liquid state or can be stored at tremendous pressure for its use in any 
practical application. Both of these techniques are costly and less secure in areas with dense 
population, which makes it less viable as an alternative form of energy. The solution could be the 
use of solid surfaces with high surface area, which makes it easier to store at low pressure and 
temperature. Biomass-derived activated carbon is an appropriate precursor for the production of 
high surface area carbons. It is not only environmentally friendly and only requires a facile 
synthesis process, but is also extremely cost-effective. As a result many studies have been reported 
with great result to justify the use of biomass-derived precursors for hydrogen storage.  
Navarro et al. demonstrated the use of African oil-palm shell to produce activated carbon using 
microwave-induced lithium hydroxide activation for hydrogen storage. The resultant carbon had 
a surface area of 1350 m2/g with a hydrogen capacity of 6.5 wt% [85]. Akasaka et al. reported on 
using coffee bean waste to produce porous carbon material with 2070 m2/g surface area via KOH 
activation. The material had a stored hydrogen density of 5.7 mg/cm3 at 298 K and 69.6 mg/m3 at 
77 K [86]. Another interesting study of turning waste material into a high value product involves 
the use of waste cigarette butts to produce highly porous carbon with a surface area of 4300 m2/g 
using hydrothermal carbonization and activation. This carbon displayed a staggering 9.4 wt. % 
total uptake at 77 K and 20 bar, which went up to 10.4 wt.% and 11.2 wt.% at 30 and 40 bar, 
respectively [87]. Ramesh and co-workers employed tamarind seeds to produce activated carbons 
using thermal microwave and chemical KOH activation to produce an impressive 1785 m2/g 
46 | P a g e  
 
surface area and a maximum hydrogen capacity of 4.73 wt% at room temperature and 4.0 MPa 
[89]. 




Temp. Pressure Ref. 
Rice Husk 2682 2.85 77K 1 Bar [94] 
Fruit Bunch 305-687 2.14 77k  20 Bar [93] 
Coffee Shells 3149 0.91 25 ◦C 14 MPa [92] 
Olive Pomace 760 6 77k 200 [91] 
Cellulose 2700 6.4 77k 20 bar [90] 
Jute Fiber 1224  1.2 30◦C 40 Bar [89] 
Tamarind Seeds 1785 4.73 RTP 4 MPa [88] 
Cigarette Butts 4300 9.4 77K 20 Bar [87] 
Coffee Beans 2070 4.0 77K 4 MPa [86] 
Palm Shells 1350 6.5 77k 5 MPa [85] 
 Table 2.7: Summary of biomass-derived porous carbon for hydrogen storage. RTP: room 
temperature and pressure. 
Although there have been many reports (summarized in Table 7) where biomass was successfully 
utilized to produce an excellent hydrogen storage vehicle, one capable of storing huge amounts for 
practical energy application still needs to be tested. In addition, the maximum hydrogen capacity 
at room temperature is unsatisfactory compared to preset targets. There has been a huge effort to 
achieve the optimization of the surface area and pore size to enhance the hydrogen storage, but a 
real breakthrough could be possible by improving the interaction of hydrogen with the sorbent 
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surface. This can be realistically achieved by doping activated carbons with metal nanoparticles 
capable of creating a spillover. 
2.3.3.3 Carbon dioxide capture 
CO2 is a greenhouse gas and one of the main causes of climate change all over the world. It is 
released when combustion of fossil fuels takes place. With the Earth’s glaciers melting at an 
unprecedented rate and the rising sea level, the effects of climate change are more evident than 
ever. It is a race against time for researchers to capture and store carbon dioxide or face the 
irreversible consequences. There have been many technologies employed to reduce the 
concentration of atmospheric CO2, ranging from chemical fixation, to membrane separation and 
cryogenic techniques. Recently, solid based adsorbents for CO2 capture and storage have been 
gaining popularity. Among the different forms of material used, such as zeolites, amine-doped 
porous, and metal organic frameworks for solid based adsorbents, activated carbons have been 
embraced as the precursor of choice due to their low cost and easy availability. This is mainly due 
to their inherent high surface area with the presence of developed microspores and mesopores, 
their chemical and thermal stability, and their easily tunable chemistry and structure. Biomass 
derived activated carbons have captured attention due to their high surface area, interconnected 
pore structure, and remarkable CO2 uptake as well as their environmentally friendly, cheap, and 
easily available raw materials.  
Ruiz et al. utilized chestnut shells as one form of biomass to form activated carbons by KOH 
activation and a pyrolysis process. The carbon displayed remarkable CO2 adsorption capacity of 
13.36 mmol/g at 3 MPa and 25°C [95]. In another study, Dobele and co-workers employed solid 
waste from birch wood processing and by using chemical activation created activated carbons with 
surface area above 1000 m2/g. At 20 MPa pressure and the temperature of 25°C, the activated 
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carbon derived from wood had a CO2 adsorption capacity of 15.9 mmol/g [
96]. In an interesting 
report published by Coromina’s group, the team used jujun grass and Camellia japonica to produce 
high-surface-area activated carbon by hydrothermal carbonization and by chemical activation. The 
CO2 uptake capacity was one of the highest reported, 5.0 mmol/g at 1 bar and 25 °C [
97]. In a recent 
report where wheat flour was used to produce activated carbons by a carefully controlled chemical 
activation process the product had a CO2 adsorption capacity of 5.70 mmol/g at 0 °C and 1 bar 
pressure. Table 2.8 illustrates the wide variety of biomass-derived activated carbons used for this 
purpose and their CO2 uptake 
[98]. 




Pressure (MPa) Ref. 
Yellow Mombin Fruit 
Stones 
7.30 25 0.1 [99] 
Leather Waste  11.65 25 3 [100] 
Grape Seed 11.48 25 3 [101] 
Acacia Seed Shells  8.47 25 3 [101] 
Chestnut Shells  13.36 25 3 [95] 
Coffee Grounds 4.8 0 0.1 [102] 
Palm Shells 5.8 0 0.1 [103] 
Coconut Shells 5.6 0  1 bar [104] 
Wood 15.9 25 2 [96] 
Celtuce Leaves 6.04 0 0.1 [105] 
Jujun Grass  5.0 25 0.1 [97] 
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Wheat  5.7 0 0.1 [98] 
Pomegranate Peels  6.0 0 0.1 [81] 
Table 2.8: Summary of biomass-derived activated carbon for carbon dioxide capture. 
The overall data suggests that biomass-derived carbons could be a promising material for CO2 
capture and with more research, could be added commercially to reduce CO2 emissions into the 
atmosphere. There is room for improvement, however, in greatly enhancing the adsorption at room 
temperature at a reduced pressure by thermochemical modification. 
2.3.4 Biomedical Applications   
2.3.4.1 Electrochemical Sensing 
Very recently, there has been a surge of biomass-derived porous carbon materials for 
environmentally friendly high performance biosensors. This is mainly due to cheap and easily 
available biomass precursors which, when synthesized, produce high surface area, tunable pore 
size, excellent chemical stability, and electrically conductive carbonaceous material. The ability 
to incorporate heteroatoms into the carbon framework makes it a promising novel starting material 
for electrochemical sensing applications.  
There have been various studies which utilized biomass derived porous carbon materials for 
efficient electrochemical sensing of many substances, ranging from toxic metals, to H2O2, 
antioxidants, preservatives, and glucose. Pang et al. used peanut shells to synthesize porous 
carbonaceous frameworks, which were able to sensitively detect rutin, a common flavonoid down 
to a low detection limit of 2 nM over a wide linear range of 5 nM to 1.0 µM. The high surface area 
of the peanut shell derived carbon was responsible for this remarkable performance with good 
selectivity as well [106]. In another study, where waste fruit peels such as pomegranate and orange 
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were used to fabricate porous activated carbon, it was successful in the detection of toxic metals 
(cadmium, lead, copper, and mercury) with a simultaneous detection limit of 41, 50, 66, and 54 
nM respectively [107]. There have been several reports with promising results for the detection of 
glucose using several different types of biomass waste materials from silk cocoons and kenaf stems 
to Pongam seed shells [108-110]. Table2. 9 Displays a comprehensive list of different biomass 
materials used for electrochemical sensing to detect a range of important substances. 
Biomass Source  Synthesis process Detected 
species 
Linear Range Detection 
limit 
Ref. 
Peanut Shells  KOH activation Rutin 5.0 nM  - 1.0 µM 2.0 nM [106] 
Bougainvillea Chemical 
Activation 
Catechin 4.0 µM - 368 µM 0.67 µM [111] 
Bamboo Fungus Carbonization Bisphenol A 1.0 µM – 50 µM 1.0 µM [112] 
Cajeput Tree Bark Chemical 
Activation 
Vanillin 5.0 µM - 1150 µM 0.68 µM [113] 
Corn Powder  Carbonization Lead 
Cadmium  
0.5 pM – 10 pM 










30 µM – 285 µM 









(0.5 – 320) µmol/l 
(0.5 – 340 ) µmol/l 









0.5 µM – 5.5 µM 
0.5 µM – 8.9 µM 
41 nM 
50 nM  
[107] 




0.5 µM – 5.0 µM 
0.24 µM – 7.5 µM 
66 nM 
54 nM 
Silk Cocoon  Chemical 
Activation 
Glucose  79.7µM – 2039 µM 391 µM [108] 





Glucose  0.05 µM – 22 mM 0.02 µM [110] 




30 µM – 95 µM 
1 µM – 65 µM  













6.9 µM – 67.16 µM 
0.69 µM – 11.07 µM 
1.9 µM – 11.85 µM 
 
99 µM – 2439 µM 
 










Table 2.9: Summary of biomass-derived porous carbon materials used for electrochemical 
sensing. NADH: nicotinamide adenine dinucleotide. 
Considering their cost-effective, environmentally friendly, and facile synthesis route, biomass-
derived porous carbons have proved to be highly effective in electrochemical sensing of a range 
of species. The results are promising, with a wide detection range, small detection limit for highly 
selective species, and performance surpassing many commercial materials for sensing 
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applications. There is still room for further development, however, by functionalization and adding 
heteroatoms to enhance their selectivity and detection capability.   
 
2.3.4.2 Carbon Quantum Dots 
Carbon quantum dots has been an emerging field of interest for many researchers due to their 
remarkable fluorescence, photostability, cytocompatibility, and mechanical, electronic, and 
chemical properties. Hence, there has been a rise in a variety of applications from bio-imaging and 
medicine to sensing. Utilizing biomass as precursor in this exciting field has further fueled research 
to discover more effective carbon quantum dots.  These carbon dots have very interesting 
properties such as multicolor wavelength emission, up-conversion photoluminescence, and high 
quantum yield, as well as excellent biocompatibility and the ability to diffuse in aqueous solution. 
The production of carbon quantum dots from biomass precursor occurs primarily by hydrothermal 
carbonization and microwave assisted pyrolysis. Novel processes, such as electrochemical 
processes, simple heating, laser ablation, arc discharge, ultrasonication, solvothermal methods, 
chemical oxidation, etc., have been employed as well.   
In one report, where sweet potatoes were utilized to produce carbon quantum dots by hydrothermal 
carbonization, promising results were demonstrated in cell imaging with fluorescent probes. It also 
showed that the carbon dots were quenched by Fe3+ at concentrations of 1 to 100 µM and with a 
detection limit of 0.32 µM [119]. D’souza et al. showed how dried shrimps could be used to 
synthesize fluorescent nitrogen-doped carbon dots by simple hydrothermal carbonization method. 
These quantum dots can be used as a traceable drug delivery system to introduce boldine into 
human breast cancer cells. It could be employed not only for bio-imaging, but also for targeted 
drug delivery systems [120]. Table 2.10 summarizes a variety of biomass precursor that have been 
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utilized for carbon quantum dot synthesis by either facile hydrothermal carbonization or by the 



















5 13.9 Bio-imaging [123] 
Cabbage Hydrotherma
l 
2-6 16.5 Bio-imaging [124] 
Silk Cocoons Hydrotherma
l 
70 38 Hg2+ & Fe3+ sensing and bio-imaging [125] 
Dried Shrimp Hydrotherma
l 
6 54 Bio-imaging & targeted drug delivery 
system 
[120] 
Grape Peel  Hydrotherma
l 
1.5-3.0 3.1 Fe3+ sensing & bio-imaging [126] 
Grass Hydrotherma
l 
3-5 2.5-6.2 Cu2+ sensing & bio-imaging [127] 
Hair Hydrotherma
l 
29-80 24.8 Hg2+ sensing [128] 




2 19.8 Fe3+ sensing & Bio-imaging [129] 
Sweet Potato Hydrotherma
l 





3.5-7.0 24.1 Co2+ sensing, Bio-imaging & 
Intracellular sensing 
[130] 
Konjac Flour Pyrolysis 3.37 13/22 Fe3+ and L-lysine & bio-imaging [131] 
Plant Leaf Pyrolysis  3.7 11.8-16.4 Fe3+ sensing [132] 
Table 2.10: Summary of biomass-derived porous carbon materials used for carbon quantum 
dots. 
Yallappa and co-workers synthesized groundnut–derived nanoporous carbon using a simple 
pyrolysis technique. The synthesized nanoporous carbon posseseds good biocide activity against 
Escherichia coli, Chromobacterium violaceum, and Bacillus cereus. They thus proved that it can 
be employed as a microbial growth inhibitor and for bio-imaging and drug delivery applications 
[121]. 
Overall, the scope of applications of porous carbon from biomass- derived precursors in the 
biomedical area is highly promising. Bio-imaging, targeted drug delivery, bio-sensing, 
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Abstract 
Here we report an economically viable and environmentally friendly strategy for the preparation 
of nanoporous carbon (NC) from one of the most abundant crop of South Asia, Jute. Nitrogen 
adsorption-desorption isotherms, X-ray diffraction, Raman spectroscopy, UV spectroscopy, and 
scanning/transmission electron microscopy were performed to characterize the morphology and 
porous structure of the obtained NC. Three different types of Jute-derived NCs have been 
synthesized at different temperatures, such as 700 °C, 800 °C and 900 °C. The NC prepared at 
800 °C shows high surface area (981m2 g-1) with the retention of the original fibrous shapes. This 
study shows a promising future of Jute as a natural precursor for NCs for a variety of applications 
such as water purification and drug delivery.  
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Introduction 
Nanoporous materials offer new opportunities in the area of inclusion chemistry, guest-host 
interaction, and molecular manipulations, showcasing their potential impact in a wide range of 
research fields, such as adsorption, catalysis, electronic devices, and drug delivery.[1] Among many 
porous materials, there has been a remarkable research interest on nanoporous carbons (NCs) due 
to their many admirable properties such as high surface area, high chemical stability, superior heat 
resistance, innate electrical conductivity, low toxicity and availability of oxygen surface functional 
groups like heteroatoms.[2-4] Therefore, they have been implemented in hydrogen storage, pollutant 
adsorption, separation, energy storage, energy conversion and electrochemical devices. Ordered 
mesoporous carbon can be prepared by hard-templating method using mesoporous silica 
templates, but this process involves several steps.[5] As another approach, NCs can be produced 
using thermal activation at high burn-off temperature process, catalytic activation, and 
carbonization of mesoporous organic aerogels or polymer blends.[6] 
Although many innovative methodologies developed for biomass valorization into value-
added chemicals successfully, the biomass transformation into materials such as NC remains a 
major challenge. Currently, there is a definitive need to produce NCs (activated carbons) from 
cost-effective and renewable sources that are highly scalable.[7] Also, the utilization of 
lignocellulosic biomass for this application will help for making an economical and sustainable 
route for the synthesis of NCs. Various materials, especially from orange peel[8], rice brain[9], 
coconut husk[10], oil plam fiber[11], bamboo[12], and coffee bean[13] have been utilized for the 
production of NCs. However in most research, they have utilized the use of more complex and 
expensive chemical activation process that depended on potassium hydroxide (KOH) activation or 
phosphoric acid (H3PO4) activation where an adjustment of pHs is necessary. As a result, the whole 
process requires a plenty of fresh water and a post sewage management for the produced waste. 
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Thus, there is some limitation in terms of the economic viability and commercialization of the 
reported process.  
Here we report the synthesis of NCs derived from a cheap and renewable source, Jute, by 
a simple thermal decomposition process. Jute is a plant fiber mainly composed of lignin and 
cellulose and is one of most affordable natural fibers. For some Asian and African countries, Jute 
have dramatically changed the socio-economic aspect, the world produces a staggering 2.8 million 
metric tons of Jute fiber each year. With the advent of science and technology it will be possible 
to utilize this cheap crop into useful NCs which can restore the livelihood of millions of people 
across Asia and Africa.[14-16] To the best of our knowledge, there has been no reports on high 
surface area NC production from Jute fiber without physical activation technique. In this study, 
three different temperature treated Jute-derived NCs have been synthesized at different 
temperatures, such as 700 °C, 800 °C and 900 °C. Nitrogen adsorption-desorption isotherms, X-
ray diffraction, Raman spectroscopy, UV spectroscopy, and scanning/transmission electron 
microscopy were performed to characterize the morphology and porous structure of the obtained 
NC. The NC prepared at 800 °C shows high surface area (981 m2 g-1) with the retention of the 
original fibrous shapes. Therefore, our finding corroborated Jute as an exciting natural starting 
material for NCs for a variety of application such as water purification.  
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Experimental 
Preparation of nanoporous carbon (NC). For the carbonization of Jute, the Jute samples were 
first placed in a ceramic boat and placed inside a furnace. During the process, the samples were 
carbonized at different temperature ranging from 700ºC to 900ºC under a constant flow of nitrogen. 
The samples were kept at the targeted temperature for 2 hours with a heating rate of 2 oC·min-1. 
Subsequently, the produced black samples were grinded into powder and immersed with a 10wt 
% hydrogen fluoride (HF) aqueous solution for 3 days by replacing the HF solution once a day. 
Finally, the carbon sample was rinsed with distilled water and then dried overnight at 60 ºC. 
Characterization. Wide angle X-ray diffraction (XRD) patterns were obtained by a Rigaku RINT 
2500X diffractometer using monochromated Cu Kα radiation (40 kV, 40 mA) a scanning rate of 
2 o·min-1. Scanning electron microscope (SEM) images were taken using Hitachi S-4800 SEM at 
an accelerating voltage of 5 kV. Transmission electron microscope (TEM) observation was 
performed using a JEM-2010 TEM system that was operated at 200 kV. Raman spectra was 
measured using a Raman JY HR800 Spectrometer. Quantachrome Autosorb Automated Gas 
sorption system was utilized for nitrogen adsorption-desorption isotherms at 77 K. To evaluate the 
adsorption of methylene blue (MB), a UV-3600 Plus UV-VIS-NIR Spectrophotometer was used.  
 
  
60 | P a g e  
 
Results and discussion 
The relative abundance of lignin, cellulose, and hemicellulose is the important factor in 
determining the feedstock suitability for NC synthesis. Jute biomass contains higher quantity of 
carbon percentage in the form of pentosan (20-23 wt%), cellulose (45-48 wt%), and lignin (12-15 
wt%). The composition was calculated with the help of the technical association of pulp and paper 
industry (TAPPI) method. The values are based on the dry weight of Jute biomass. Further, the 
Jute biomass used in this work contains very less quantity of ash (1-2 wt%) compared to rice husk 
(17-18 wt%), bagasse (3-4 wt%), and wheat straw (13-14 wt%) raw biomass.  
The moisture content is calculated by drying Jute biomass at 100 ºC for 12 h in vacuum. 
Moisture (%) = 
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝐽𝑢𝑡𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠− 𝑂𝑣𝑒𝑛 𝑑𝑖𝑟𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐽𝑢𝑡 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐽𝑢𝑡𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 
 x 100 
For calculating ash percentage Jute biomass was burned at 650 ºC for 4 h in presence of air. The 
ash percentage is then calculated based on the difference in the weight before and after burning 
the Jute biomass. 
Ash (%) = 
𝑂𝑣𝑒𝑛 𝑑𝑟𝑖𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐽𝑢𝑡𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑏𝑢𝑟𝑛𝑖𝑛𝑔− 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐽𝑢𝑡𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑎𝑓𝑡𝑒𝑟 𝑏𝑢𝑟𝑛𝑖𝑛𝑔
𝑂𝑣𝑒𝑛 𝑑𝑟𝑖𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐽𝑢𝑡𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑏𝑢𝑟𝑛𝑖𝑛𝑔
 x 100 
Hence, utilization of jute raw biomass makes the perfect choice for NC synthesis compared to a 
variety of another lignocellulosic biomass such as rice husk, bagasse, and wheat straw respectively. 
Figure 1 shows scanning electron microscopy (SEM) images of natural Jute and Jute-
derived nanoporous carbons treated at different temperatures. The natural Jute reveals its natural 
fibrous and strand-like structures (Figure 1a). After heat treatment at 700 °C, the original fibrous 
structure is still remained, but the fibers have been fragmented (Figure 1b). The average length 
and width of the obtained carbon fibers is ca. 70 μm and ca. 20 μm, respectively. Interestingly, 
several tunnels are running throughout length of the fibers, as shown in Figure S1. Thermal 
treatment at higher temperature has further fragmented the fibers (Figure 1c-d). After heat 
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treatment at 900 °C, the original shape totally collapses. The excessive temperature during 
pyrolysis has permanently destroyed the porous network along the tube. 
 
Figure 1 SEM images of (a) the starting material Jute, (b) Jute-derived carbon prepared at 
700 °C, (c) Jute-derived carbon prepared at 800 °C, and (d) Jute-derived carbon prepared at 
900 °C. 
 
N2 adsorption-desorption isotherms of different samples are presented in Figure 2a. It 
clearly illustrates that absorption capacity is very high for the samples prepared at 700°C to Jute 
800°C. However, when the carbonization temperature reaches 900°C, a serious decrease in 
absorption capacity can be confirmed. The instantaneous rise of the isotherm at very low relative 
pressure (P/Po) value is due to the absorption of the micropores. While, the adsorbed volume is 
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gradually increased with increasing the relative pressure, meaning the presence of mesopores with 
various pore sizes. The surface area calculated by the Brunauer-Emmmett-Teller (BET) method 
are 416 m2·g-1 (for 700°C), 981 m2·g-1 (for 800°C) and 71.1 m2·g-1 (for 900 °C), respectively. 
Owing to the structural deformity after the thermal treatment at 900 °C (Figure 1d), it is highly 
likely that the surface area is reduced greatly. These values are lower compared to commercial 
activated carbon (1743 m2·g-1), but are comparable or higher to other carbon materials prepared 
from plants.[7-16] The pore size distribution curve obtained by the NLDFT method shows the 
coexistence of micropores and mesopores (Figure 2b). It is clear that thermal treatment at 900 °C 
drastically decreases the mesopores and micropores.  
 
 
Figure 2 (a) N2 adsorption-desorption isotherms and (b) pore size distribution curves for Jute-
derived carbon prepared at 700 °C, Jute-derived carbon prepared at 800 °C, Jute-derived carbon 
prepared at 900 °C, and commercial activated carbon. 
 
Figure 3a shows the wide-angle XRD patterns of Jute-derived NCs at different 
temperature (700 ºC, 800 ºC, 900 ºC) and commercial activated carbon. The two observed broad 
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peaks around 2θ = ca. 23.3 and 43.8 which corresponds to the (002) plane and (100) plane 
respectively of turbostratic carbon.[17] Generally, the intensity peak of the (002) plane increases 
with higher temperature, suggesting higher graphitization. Nonetheless, all the carbon samples 
have demonstrated broad peaks indicating the formation of amorphous carbon. Figure 3b shows 
the corresponding Raman spectra for the jute derived nanoporous carbon. Two broad peaks were 
observed at 1323 and 1594 cm-1 which correspond to the previously reported D and G peaks of 
carbon, respectively.[18] The D band arises from the sp3-bonded carbon structures and the G band 
from the vibration mode of sp2-bonded carbon in a graphitic sheet. Thus, the presence of G band 
is a distinctive trait of graphitic layer, whereas the D band correlates to the disordered or defective 
carbon structure. With increase of the applied temperature, the relative intensity ratio (ID/IG) of D 
band to the G band was gradually increased, indicating that the generation of a larger number of 
defects. The values of ID/IG are 0.96 (for 700 °C), 1.16 (for 800 °C), and 1.26 (for 900 °C). In the 
contrary, other reports have demonstrated that the successful production of graphitic carbon with 
higher temperature (i.e., a decrease in ID/IG)
[18]. This is because of metal catalysts such as cobalt 
which have resulted into the catalytic graphitization. Without metal catalysts, the ID/IG ratio has 
sometimes increased with the increase of applied temperature.[19] But, even after heat treatment at  
900 °C, the ID/IG of Jute-derived NC is much lower than that of commercially available activated 
carbon (2.06). Therefore, our nanoporous carbon has more sp2-bonded carbon content. Jute-
derived carbon prepared at 800 °C was further characterized by TEM in Figure 4a. Selected area 
electron diffraction patterns (Figure 4b) show ring-like patterns, indicating the formation of 
amorphous and poorly graphitized carbon structures. High-magnified TEM image (Figure S2) 
reveals the obtained NP materials were made up by randomly assembling the nanometer-sized 
sheets, which coincided with the Raman result. 




Figure 3 (a) Wide-angle XRD patterns and (b) Raman spectra for Jute-derived carbon prepared at 
700 °C, Jute-derived carbon prepared at 800 °C, Jute-derived carbon prepared at 900 °C, and 
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Figure 4 (a) Low-magnified TEM image, (b) high-magnified TEM image and the corresponding 
electron diffraction patterns for Jute-derived carbon prepared at 800 °C. 
 
Here we investigate adsorption test of methylene blue (MB) with a dimensional size of 
1.43 nm × 0.61 nm × 0.4 nm using Jute-derived NCs and commercially available carbon (Figure 
5). The maximum adsorption capacity of MB was conducted by mixing MB solutions (50 ml) of 
different concentrations with carbon samples (10 mg) in the dark at 25°C for 3 hours until an 
equilibrium was established. The suspension was then centrifuged to separate the carbon samples 
from the solution. The supernantant solution was extracted by the help of a syringe and the 
concentration of MB was calculated by measuring the absorbance at 664 nm (maximum 
absorbance for MB). Finally, the amount of MB taken by the carbon samples were calculated by 
deducting the MB concentration in the final solution from the initial MB concentration.  
Qe = (C0-Ce)·V·m
-1 
Where C0 is the initial MB concentration in the liquid phase (mg·L
-1), Ce is the MB concentration 
in the final solutions (mg·L-1), V is the volume of solution used (L), and m is the mass of adsorbent 
used (g).  
MB adsorption test shows an encouraging result with Jute-derived NC (prepared at 800 °C) 
having a high adsorption capacity of 146 mg·g-1 comparable to commercial expensive activated 
carbon yielding 176 mg·g-1 (Our previous study has shown that the MB adsorption capacity for 
other activated carbon shows less than 50 mg·g-1 under the exact same experimental condition.). 
The produced Jute-derived carbon (prepared at 900 °C) was only 11 mg·g-1, because of lowest 
surface area. High porosity and open pore network of the carbon matrix can facilitate fast 
molecular diffusion as well as promote accessibility to the entire pore surface. Interestingly, the 
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MB adsorption capacity was normalized by the surface area obtained by the N2 adsorption-
desorption isotherms. The values are 0.33 mg m-2 (for 700 °C), 0.14 mg m-2 (for 800 °C), and 0.15 
mg m-2 (for 900 °C). Interestingly, it is found that our Jute-derived NC shows higher MB 
adsorption capacity rather than commercial activated carbon (0.10 mg m-2). As mentioned above, 
our carbon has more sp2-bonded carbon content. Therefore, the MB dye more effectively interacted 
with the carbon surface due to the π-π interaction between the MB molecule and the graphitic 
carbon (sp2-bonded carbon).[18] 
 
Figure 5 MB adsorption capability for Jute-derived carbon prepared at 700 °C, Jute-derived 
carbon prepared at 800 °C, Jute-derived carbon prepared at 900 °C, and commercial activated 
carbon. Photographs before and after the MB adsorption are shown as an inset.  
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Conclusion 
In this study, we have successfully synthesized NCs from a low cost and abundant natural Jute 
fiber. The one step synthesize process is cost effective and requires minimum energy. This will 
not only drastically reduce the cost of activated carbon but the synthesis process is highly scalable 
for commercial use. We demonstrated that the optimum temperature for the synthesis is 800 °C 
which yielded the highest surface area of 981 m2·g-1. This exceptional high surface area was 
obtained without any post activation process. The MB adsorption test showed a high adsorption 
capacity of 146 mg·g-1. As a result, it opens a new horizon for its use in multiple practical 
applications from water purification, drug delivery system to supercapacitor. 
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Abstract: 
Here we report, the synthesis of nanoporous carbons (NCs) derived from a low cost and renewable 
biomass, Jute, by chemical activation process using KOH. Jute is one of the cheapest and most 
abundant crops with staggering 2.8 million metric tons of Jute each year. In this study, we 
synthesize NCs from three different parts of Jute fibers using chemical activation technique using 
KOH. The NCs prepared from bottom portion of the fiber show high surface area (2682 m2·g-1) 
with the presence of both micropores and mesopores. This makes Jute as an economically viable, 
environmentally friendly precursor for nanoporous carbon with a wide variety of application with 




There has been relentless effort and a persistent desire to synthesize new porous material with 
novel characteristics and exciting applications. The reason for much interest and development is 
due to their high surface area, tunable pore sizes, availability of functional sites, guest-host 
interaction and their promising applications in a wide variety of fields such as biomedical, 
adsorbents, catalysis and in energy sector.[1-2] Among many porous materials, nanoporous carbons 
(NPCs), with interpenetrated and regular nanopore systems, have recently triggered enormous 
research activities because of their fascinating chemical and physical properties, such as high 
specific surface area, well-defined pore structure, high thermal and chemical stability, intrinsic 
high electrical conductivity, low density and wide availability.[3-5] Therefore, they have been 
implemented in hydrogen storage, [6] pollutant adsorption,[7] energy storage,[8] energy conversion[9] 
and electrochemical sensing.[10] Recently, many research efforts have been devoted to carbon 
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synthesis through the improvement of existing fabrication methods as well as the development of 
new approaches. Nanoporous materials can be generally classified based on their pore diameter. 
Accordingly, free pore diameter less than 2 nm are classified as micropores, those between 2 nm 
to 50 nm are designated as mesopores and pore size greater than 50 nm falls under macropores.[11] 
Conventional porous carbon materials, such as activated carbon, have routinely been prepared by 
pyrolysis[12] or hydrothermal treatment[13] followed by chemical[14] or physical[15] activation of the 
organic precursors. However, the production of ultra-high surface beyond 2500 m2·g-1 threshold 
of nanoporous carbon using waste biomass precursor via facile route with the only use of oxidizing 
agents and heat treatment have been a major challenge for researchers.[16] 
Lately, biomass- derived porous carbons have captivated the attention of researchers for a 
wide range of applications. Biomass-derived porous carbon is not only environmentally friendly 
but also cost effective and the ease of availability makes it a promising precursor than its 
competitors.[17-18] Biomass refers to plant, plant-derived, animal-derived, industrial derived, 
sewage or municipal waste derived materials which are can be utilized to synthesis carbon 
materials for a variety of applications.[19] The most common precursors used now a days are cherry 
stones,[20] coffee husks,[21] banana peel,[22] almond shells,[23] corn cob,[24] cotton stalk,[25] dates 
stones,[26] olive stones,[27] rice bran,[28] rice husk,[29] rice straw,[30] rice hulls,[31] sugarcane 
bagasse,[32] sawdust,[33] tea waste,[34] walnut shells,[35] durian shell,[36] herb residues[37] waste 
apricot,[38] orange peel,[39] oil palm fiber,[40] coconut husk[41] etc. to synthesize various porous 
carbon materials.  
However, considering the handful research utilizing a type of biomass called Jute, the 
surface area is confined between from 400-1000 m2·g-1 for physically activated carbon[42-43] while 
800-1200 m2·g-1 using chemical activation technique[44-45]. Therefore, chemical activation 
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technique generally results in higher surface area compared to physical activation technique. With 
the ever-increasing demand of ultra-high surface area nanoporous carbon for application such as 
energy storage there is need to for cost-effective synthesis method using renewable precursors that 
can are scalable for commercial  
applications.  
Here we report, the synthesis of nanoporous carbon derived from a low cost and renewable 
biomass, Jute, by chemical activation process using KOH. Jute is one of the cheapest and most 
abundant crops with staggering 2.8 million metric tons of Jute each year.[46] However, after the 
advent of technology synthetic fiber started dominating the fiber market due to their high 
production output, greater tensile strength and environmentally non-degradable properties. These 
synthetic fibers possess a significant risk to the environment since they do decompose like natural 
fibers over time. On the other hand, natural fibers such as Jute as environmentally friendly not 
only because they decompose over time but they have a great impact in greenhouse effect. It has 
been estimated that one hectare of Jute plant can absorb about 15 metric tons of CO2 and releases 
11 metric tons of O2 in just 120 days of Jute growing period.
[47] The overall impact of having 
hundreds and thousands of hectares of Jute plantation would greatly reduce the greenhouse gas in 
the atmosphere and increase the level of pure oxygen into the atmosphere. Transforming this cheap 
and abundant crop into useful, valuable nanoporous carbon could restore the livelihood of millions 
of people across Asia and Africa in our fundamental motivation. Researching for practical 
applications which incorporated high surface area nanoporous carbon is the way ahead to solve 
many of the problems. There have been very few reports highlighting the conversion of Jute fiber 
into valuable activated carbon using easy, cheap and scalable synthesis technique.[42-45] At the same 
time reports implementation of Jute-derived high surface area nanoporous carbon using chemical 
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activation is scarce. However, the maximum surface-area generated using Jute and Jute related 
precursors is less than 1200 m2·g-1.[45] 
In this study, we synthesized NCs from three different parts of Jute fibers using chemical 
activation method with KOH. Nitrogen adsorption-desorption isotherms, X-ray diffraction, XPS 
and Raman Raman spectroscopy, FT-IR, UV spectroscopy, and scanning/transmission electron 
microscopy were performed to characterize the morphology and porous structure of the obtained 
NC. The NC prepared from bottom portion of the fiber shows high surface area (2682 m2·g-1) with 
the presence of both micropores and mesopores. This makes Jute as an economically viable, 
environmentally friendly precursor for nanoporous carbon with a wide variety of application with 
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Experimental 
Preparation of nanoporous activated carbon. According to previous report [46], Jute biomass 
contains a higher quantity of carbon percentage in the form of pentosan (20-23 wt%), cellulose 
(45-48 wt%), and lignin (12-15 wt%). Further, the Jute biomass used in this work contains very 
less quantity of ash (1-2 wt%) compared to rice husk (17-18 wt%), bagasse (3-4 wt%), and wheat 
straw (13-14 wt%) raw biomass. The Jute fibers (~190 cm) was cut and divided into three parts; 
bottom part (70 cm), middle part (70 cm), and top part (rest 50 cm). Each part was then cut into 
smaller pieces (~ 5 cm) and washed with distilled (warm ~ 50 C) several times (15 times) and 
finally dried at 100 C for 4 h. The dried Jute fibers were then pre-carbonized at 300 C for 12 h 
under the air-atmosphere and finally allowed to cool down to room temperature by areal cooling. 
The pre-carbonized samples where then crushed into powder. The powder sample was mixed with 
KOH (1:1 wt ratio) and grinded in an agate mortar until they mix well and a paste like form was 
achieved. The mixture was stored at room temperature for 12 h before carbonization. The 
carbonization was carried out in a tubular furnace (KOYO-Japan) at 900 C for 3 h under a constant 
flow of nitrogen (120 cc min-1) at a heating ramp of 5 °C min-1. After the carbonization, the samples 
were washed with dilute HCl (0.1 M) and water to remove excess KOH and finally vacuum dried 
at 80 C for 12 h. The carbon samples obtained from bottom, middle and top part are referred to 
as J-B, J-M and J-T, respectively. 
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Figure 1: Schematic illustration for preparation of activated Jute-derived nanoporous carbons 
Characterization. Wide angle X-ray diffraction (XRD) patterns were acquired using a Rigaku 
RINT 2500X diffractometer using monochromated Cu Kα radiation (40 KV, 40mA), a scanning 
rate of 2 o·min-1. The morphology and microstructure were investigated using Scanning electron 
microscope (SEM) and Transmission electron microscope (TEM). Hitachi S-4800 SEM was used 
to obtain scanning electron microscope images (SEM) at an accelerating voltage of 5 KV. JEM-
2010 TEM system was utilized to perform the Transmission electron microscope observation at 
200 KV. Raman Spectra was measured using Raman JY HR800 spectrometer. FTIR was done 
using Shimadzu FTIR Prestige-21. Textural characterization was carried out using Quantachrome 
Autosorb Automated Gas sorption system of nitrogen adsorption-desorption isotherms at 77 K. 
UV-3600 and UV-VIS-NIR Spectrophotometer were used to evaluate the adsorption of methylene 
blue (MB). 
Results and discussion 
Figure 2 shows the scanning electron microscope (SEM) images of natural Jute and Jute-derived 
nanoporous carbons using different parts of the Jute fibers. Figure 2a shows strand-like framework 
of the natural Jute fibers.  After the pre-carbonization followed by chemical activation prior to 
impregnation via KOH, activated nanoporous carbons were obtained (Figures 2b-d). After this 
treatment, the original fibrous structure was permanently changed to a globular shape.  












Figure 2: SEM images of (a) the starting material, Jute fibers and their activated nanoporous 










Figure 3 (a) Wide-angle XRD patterns and (b) Raman spectra of nanoporous carbons prepared 
from different portions of Jute 
78 | P a g e  
 
Figure 3a shows the wide-angle XRD patterns of Jute-derived nanoporous carbon obtained from 
three different parts of the Jute fiber (bottom, middle, top parts). One broad peak at 2θ = 20-25° 
which corresponds to the (002) plane of graphitic structure was observed.[47-48] All the carbon 
samples regardless of the parts exhibited broad peaks, suggesting the formation of poorly graphited 
carbon. Raman Spectroscopy further confirms the presence of graphitic degree of carbon. As 
shown in Figure 3b two broad peaks are observed 1353cm-1 and 1597cm-1 which corresponds to 
the previously reported D and G band.[49,50] The D band relates to the disordered carbon phase 
whereas the G band relates to the sp2 hybridized graphite phase. The ID/IG values are 1.25, 0.83, 
1.05, for J-B, J-M, and J-T, respectively. In our previous research, we directly carbonized the Jute 
and investigated the Raman spectra. [46] In this case, with the increase of the applied temperature, 
the relative intensity ratio (ID/IG) of D band to the G band gradually increases, indicating that the 
generation of a larger number of defects. The values of ID/IG are 0.96 (for 700 °C), 1.16 (for 
800 °C), and 1.26 (for 900 °C). These values are much lower than that of commercially available 
activated carbon (2.06). Although in the present study we applied an activation process for Jute-
derived carbon, the low ID/IG value was still remained. The carbon sample prepared from the 


















Figure 4: (a) N2 adsorption-desorption isotherms and (b) pore size distribution curves of 
nanoporous carbons prepared from different portions of Jute. DFT Method Pore Size Distribution 
N2 adsorption-desorption isotherms of different samples are presented in Figure 4a. The 
instantaneous rise of adsorption at very low relative pressure region indicates the presence of 
micropores. The subsequent gradual rise of the isotherm with increase of the relative pressure 
suggest the presence of mesopores with various pore sizes. The NLDFT method was utilized to 
obtain the pore size distribution by Figure 4b and the curve highlights the presence of both 
micropores and mesopores from all three samples. The surface area of the three samples are 
calculated by the Brunauer-Emmmett-Teller (BET) method. The obtained values are 2682 m2·g-1 
(for J-B), 1909 m2·g-1 (for J-M), 2494 m2·g-1 (for J-T), respectively. These values are higher than 
commercial activated carbon (1000-2000 m2·g-1), and significantly greater than other carbon 
materials prepared using plants. [46,51-53] The order on the graphitic degree is J-M >  -T > J-B, while 
the order of surface area is J-B > J-T > J-M. The presence of a plenty of micropores greatly 
contribute to increasement of the surface area. As seen at low relative pressure region in Figure 
4a, it is clear that the amount of micropores decreases when the graphitization degree is high. This 
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can be expected since the formation of micropores necessitate abundant sp3-bonded carbons, which 
are mostly replaced by sp2-bonds during the graphitization process.[54] Generally, it is known that 
the porosity and the amount of cellulose content of the Jute fibers are different by location.[55] This 








Figure 5: (a) XPS survey spectrum and (b) C 1s spectrum of J-B sample. 
Figure 5a shows XPS survey spectrum of J-B sample, indicating the presence of the elements O, 
and C in the sample. The deconvoluted C 1s spectrum (Figure 5b) has three distinct peaks at 288.3, 
286.0, and 284.2 eV, corresponding to oxygenated carbon species: C=O, C–OH, and C=C/C–C, 
respectively. The highly intense C=C/C-C bonds indicate the good conducting nature of Jute 
carbon through the delocalized π electrons. In addition, the peaks showed oxygen-containing 
groups due to the decomposition of Jute cellulose containing oxygen, which is observed in 
biomass-derived carbon materials.[56] 
To investigate the implementation of ultra-high surface area nanoporous carbon for 
practical application such as water purification and toxin removal from aqueous media, we 
investigated the adsorption property of methylene blue (MB) with a dimensional size of 1.43 nm 
× 0.61 nm × 0.4 nm (Figure 6).  











Figure 6: Adsorption property of methylene blue (MB) for nanoporous carbons prepared from 
different portions of Jute. 
The adsorption capacity of commercially available carbon was also investigated. The maximum 
adsorption capacity of MB was conducted by mixing MB solutions (50 ml) of different 
concentrations with carbon samples (10 mg) in the dark at 25°C for 3 hours until an equilibrium 
was established. The suspension was then centrifuged to separate the carbon samples from the 
solution. The supernatant solution was extracted with the help of a syringe and the concentration 
of MB was calculated by measuring the absorbance at 664 nm (maximum absorbance for MB). 
Finally, the amount of MB taken by the carbon samples were calculated by deducting the MB 
concentration in the final solution from the initial MB concentration.  
Qe = (C0-Ce)·V·m
-1 
Where C0 is the initial MB concentration in the liquid phase (mg·L
-1), Ce is the MB concentration 
in the final solutions (mg·L-1), V is the volume of solution used (L), and m is the mass of adsorbent 
used (g).  
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Jute-derived activated carbon exhibited very high adsorption capacity (> 200 mg·g-1) 
which is higher than expensive commercial activated carbon (176 mg·g-1).[46] The carbon sample 
prepared from the top part of Jute shows the highest adsorption capacity of 239 mg g-1. High 
porosity and open pore network of the carbon matrix can facilitate fast molecular diffusion as well 
as promote accessibility to the entire pore surface. Interestingly, the MB adsorption capacity was 
normalized by the surface area obtained by the N2 adsorption-desorption isotherms. The values are 
0.078 mg·m-2 (for J-B), 0.115 mg·m-2 (for J-M), and 0.096 mg·m-2 (for J-T). As mentioned above, 
the order on the graphitic degree is J-M > J-T > J-B. Thus, it is clear that the MB dye more 
effectively interacted with the carbon surface due to the π-π interaction between the MB molecule 
and the graphitic carbon (sp2-bonded carbon).[57] 
 
Conclusion 
Biomass-derived activated nanoporous carbons are synthesized from Jute plant through pre-
carbonization and chemical activation processes with KOH. Three different parts of Jute fibers are 
used and compared for porous properties. Using chemical activation technique using KOH. The 
prepared nanoporous carbons show high surface area values which are 2682 m2·g-1 (for J-B), 1909 
m2·g-1 (for J-M), 2494 m2·g-1 (for J-T), respectively. The highly increased surface area is attributed 
to formation of both micropores and mesopores. In adsorption test of the methylene blue, J-T 
exhibited a high adsorption capacity of 239 mg·g-1. We believe that economically viable and 
environmentally-friend Jute would be a promising material for synthesis of carbon with ultrahigh 
surface area for various applications such as environmental and electrochemical storage 
applications in the future. 
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Figure legends 
Figure 1. Schematic illustration for preparation of activated Jute-derived nanoporous carbons.  
Figure 2 SEM images of (a) the starting material, Jute fibers and their activated nanoporous 
carbons (b) J-B, (c) J-M, and (d) J-T prepared from three different portions of Jute. 
Figure 3 (a) Wide-angle XRD patterns and (b) Raman spectra of nanoporous carbons prepared 
from different portions of Jute. 
Figure 4 (a) N2 adsorption-desorption isotherms and (b) pore size distribution curves of 
nanoporous carbons prepared from different portions of Jute. DFT Method Pore Size Distribution 
Figure 5 (a) XPS survey spectrum and (b) C 1s spectrum of J-B sample. 
Figure 6 Adsorption property of methylene blue (MB) for nanoporous carbons prepared from 
different portions of Jute. 
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Chapter 5: Conclusions and Recommendations 
 
Conclusion: 
In this thesis, the focus has been on biomass precursors that are cheap, abundant, green, and can 
be used to synthesize nanoporous carbon for various applications. The different synthesis routes 
available to produce biomass-derived nanoporous carbon have been discussed in detail and the 
relative advantages of each process. The different areas of application using biomass-derived 
carbon were also discussed, such as energy storage, energy conversion, and environmental and 
biomedical applications. In addition, the attempt has been made to present a comprehensive picture 
of current research utilizing Nanoporous carbon derived from biomass.  
The motivation for using jute is quite obvious, considering that it is one of the cheapest and most 
abundant fibers on Earth and that there are environmental benefits related to growing this golden 
fiber. At the same time, more applications for it might help to restore the livelihood of over 12 
million farmers, who have seen a great decline in the use of this natural fiber. In addition, very 
little study has been conducted on jute–derived nanoporous carbon and its practical applications.  
In the first project, we have been successful in proving that the temperature and other conditions 
play a crucial role in the morphology of the synthesized jute derived carbon and its surface area. 
We have synthesized nanoporous carbon with a surface area of 981 m2g-1 and with a maximum 
methylene blue absorption capacity of 146 mg·g-1, which is very comparable to the performance 
of expensive commercial activated carbon. This will definitely advance future research on natural, 
cheap fibrous types of biomass such as jute for a variety of practical applications from drug 
delivery to water purification.  
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For the second project, the objective was to increase the surface area of jute-derived nanoporous 
carbon even higher by tuning the synthesis procedure. This was achieved using a novel synthetic 
process, which involves pre-carbonization at 300◦C, followed by impregnation with KOH, and a 
subsequent high-temperature chemical activation process. The reason for using three different 
parts of the jute fiber for the experiment was to investigate any disparity present in the morphology 
of the thus-produced nanoporous carbon. In the end, the results were quite close, irrespective of 
the part of the jute fiber. Most importantly, one of the highest ever reported surface areas of 
nanoporous carbon derived from biomass was achieved, 2682 m2/g. The reason for the change in 
the optimum Temperature found in Chapter 3 of 800◦C to 900◦C in Chapter 4 is the change in 
synthesis condition which yielded the ultra-high surface area. This proves, the morphology of the 
produced nanoporous carbon are highly dependent on the condition used for synthesis. In addition, 
impressive results were demonstrated using high surface area nanoporous carbon in 
supercapacitors and for water treatment applications.  
In conclusion, with the ever increasing risk of climate change it is imperative that researchers focus 
more on greener and more sustainable raw materials for various practical applications. With this 
thesis, new findings have been presented on jute fiber which is equally cheap and abundant, and 
could be implemented in a wide variety of applications.   
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Recommendations:  
 Ultra-high surface area carbon has enormous potential for its utilization in various practical 
applications. Jute, as a sustainable and cheap biomass precursor, can be easily transformed into 
high-value-added products, which makes it even more promising. The results obtained from 
supercapacitor application using jute-derived nanoporous carbon electrode are superior to those of 
the commercially available alternative. In addition, the use of jute-derived nanoporous carbon in 
water treatment has been equally encouraging as well. There is certainly a huge scope for new 
applications using ultra-high surface-area carbon in areas such as the lithium-sulfur battery, the 
lithium ion battery, the sodium ion battery, hydrogen storage, and carbon capture, as well as in 
energy conversion applications such as fuel cells.  
Even so, the most interesting areas would be in the biomedical field, such as in targeted drug 
delivery applications. The natural nanoporous carbon particles can be doped with iron oxide, 
making this material a high-surface-area magnetic particle. Later, they can be loaded with any anti-
cancer drug and can be targeted to specific regions using an intravenous route of administration 
followed by an external magnetic field, thus opening the door for naturally derived magnetic drug 
carriers for cancer therapy. Furthermore, jute-derived nanoporous carbon can be implemented in 
electrochemical sensing applications as well in the manufacture of carbon quantum dots.   
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